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2 
 
15 Abstract 
 
16 The objective of this study was to evaluate and to compare spray drift potential and field 
 
17 spray drift from pesticide application in citrus orchards carried out mainly comparing standard 
 
18 nozzles with drift reducing nozzles. Two different standard nozzles (hollow cone and full 
 
19 cone) and one Venturi drift reducing nozzle (hollow cone) were tested. Spray drift potential 
 
20 was measured by means of wind tunnel experiments according to the ISO 22856:2008. To 
 
21 estimate field airborne and sedimenting spray drift, two trials with 5 replicates each were 
 
22 carried out according to the ISO 22866:2005 standard at two different commercial orchards of 
 
23 Clementine mandarins. Results showed that Venturi nozzles had a statistically significant 
 
24 reduction  effect  on  drift  for  the  two  methodologies.  Moreover,  the  wind  tunnel  method 
 
25 showed the same trend that the field results. Additionally, the results of spray drift deposition 
 
26 variability were lower for the Venturi nozzles. Therefore, it could be concluded that Venturi 
 
27 nozzles  can  be  recommended  to  be  used  in  citrus  orchards  to  prevent  human  and 
 
28 environmental risks and its use could be appropriate for different scenarios where spray drift 
 
29 risk must be mitigated. 
 
30 
 
31 Keywords:  drift  potential  reduction,  airblast  sprayer,  Venturi  nozzles,  airborne  drift, 
 
32 sedimenting drift. 
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33 1.  Introduction 
 
34 Spraying  pesticides  is  the  most  common  method  to  protect  crops  against  pests  and 
 
35 diseases. When pesticides are applied, several associated problems can appear, especially if 
 
36 the crop to be protected is a tree crop such as top fruits, citrus or vineyards. This is 
 
37 because, in these cases, there is a longer distance between the sprayer nozzles and the 
 
38 target compared to arable crops and the difficulty for the spray droplets to penetrate the 
 
39 tree canopies is higher. In this situation sprayers usually deliver the spray in a horizontal 
 
40 and/or radial way and they are commonly assisted by turbulent air currents generated by 
 
41 fans on the sprayer. The efficiency of these operations is low because losses to the soil and 
 
42 to the atmosphere (off-target movement via spray drift) are high. Spray drift, defined as 
 
43 “The quantity of plant protection product that is carried out of the sprayed (treated) area by 
 
44 the action of air currents during the application process” (ISO 22866:2005 standard), is 
 
45 considered as the main source of contamination of pesticide applications in tree crops and 
 
46 it involves risks for humans (Butler Ellis et al., 2010) and environment (Ozkan   et al., 
 
47 1993; Gil and Sinfort, 2005; Nuyttens et al., 2007b; Cunha et al., 2012).  This problem is a 
 
48 concern  to  the  society  today.  In  this  context,  authorities,  operators  and  agrochemical 
 
49 companies are adopting measures to avoid hazard derived from pesticide applications. In 
 
50 the  EU,  after  the  approval  of  the  Directive  2009/128/CE,  (EU,  2009a),  several 
 
51 complementary regulations and technical standards are being implemented to achieve a 
 
52 sustainable use of pesticides, mainly through spray drift prevention. In the same direction, 
 
53 other countries worldwide are dealing with spray drift prevention measures (EPA, 2015). 
 
54 Spraying pesticides in tree crops encompasses many factors which may affect spray drift. 
 
55 These  factors  are  related  to  the  orchard  structure  (row  and  in-row  spacing,  canopy 
 
56 architecture,  leafiness,  canopy  penetrability,  etc.),  to  the  nozzles  (mainly droplet  size 
 
57 spectrum), to the sprayer (fan characteristics, liquid distribution, etc.), to the operating 
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58 conditions (liquid volume rate, air flow rate, forward speed, etc.), to the properties of spray 
 
59 mix (viscosity, surface tension and homogeneity) and to the weather conditions (wind 
 
60 speed and direction, temperature and relative humidity) (Fillat et al., 1993; Solanelles et 
 
61 al.,  1997; Planas et al., 1998; EU Health  & Consumer Protection DG, 2007; Felsot et al., 
 
62 2010; Doruchowski et al., 2012; Salyani et al., 2013; Balsari et al., 2014; Lešnik et al., 
 
63 2015). 
 
64 The assessment of spray drift is based on the measurement of the real spray drift in field 
 
65 conditions and the evaluation of the spray drift potential (DP) defined as the percentage of 
 
66 the spray volume that can be potentially displaced out of the treated area by the action of 
 
67 air currents during the application process under specific weather conditions. 
 
68 One method to evaluate nozzles for spray DP refers to the analysis of droplet size spectrum 
 
69 performed by means of laser particle analyzer systems. This method has been used over the 
 
70 last three decades to characterize several flat-fan nozzles, commonly used in field crop 
 
71 pesticide applications (Arnold A., 1987; Hewitt et al., 1998; Herbst A., 2001b;  Nuyttens et 
 
72 al., 2007a; Holterman, 2008; Holterman, 2009). Studies regarding the orchard sprayers and 
 
73 the nozzles used in tree crops, which usually are cone nozzles, were initiated later (van de 
 
74 Zande et al., 2008). 
 
75 Another method to evaluate nozzle spray DP, based on wind tunnel measurements, has 
 
76 been used for flat fan nozzles, based on the comparison of the candidate nozzles with a 
 
77 reference nozzle (Herbst A., 2001a; Taylor et al., 2004; Nuyttens et al., 2009). 
 
78 Spray drift field evaluation of sprayers started more than two decades ago (Miller, 1993). 
 
79 The widest work ever made included 50 trials in field crops and 72 in fruit orchards 
 
80 (Ganzelmeier et al., 1995; Rautmann et al., 2001). This study was originally made to 
 
81 obtain  basic  spray  drift  values  for  spray  drift  risk  assessment  within  the  pesticide 
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82 authorization process, but, after that, this data allowed to build a general spray drift model 
 
83 which is the basis of the drift reduction techniques (DRT) classification system. 
 
84 In the Netherlands, Holterman et al. (1997) developed another spray drift-prediction model 
 
85 for field crop sprayers from a set of 48 field trials sprayed in a cross wind. This model was 
 
86 supplemented with new spray drift measurements from orchards, nursery trees and arable 
 
87 fields for the typical Dutch situation (van de Zande et al., 2000). This wide work has 
 
88 provided  the  basis  of  the  spraying  drift  risk  classification  system  adopted  in  the 
 
89 Netherlands and has led to a predicting pesticide spray drift model for pome fruit orchards 
 
90 (Holterman and van de Zande, 2014; Holterman et al., 2016a, 2016b). 
 
91 In order to improve the protocols of sprayer classification for spray drift, Nuyttens et al. 
 
92 (2008) compared the spray drift risk evaluation methodologies (laser droplet size spectrum, 
 
93 wind tunnel and field spray drift experiments) for 10 models of flat fan nozzles. This study 
 
94 was the first one combining these methodologies and concluded that laser and wind tunnel 
 
95 are comparable and allow the prediction of field spray drift data. 
 
96 Initial models of drift reduction nozzles (DRN) were developed for field crop spraying and 
 
97 after that for tree crop spraying. DRN provide larger droplets than standard nozzles (STN) 
 
98 as it has been demonstrated for flat fan nozzles (Guler et al., 2007; Nuyttens et al., 2007a) 
 
99 and cone nozzles (Derksen et al., 1999; van de Zande et al., 2008). 
 
100 One of the first field trials spraying fruit orchards with DRN were reported by Balsari et al. 
 
101 (2001) and Solanelles et al. (2001), demonstrating the beneficial effect of DRN lowering 
 
102 airborne and sedimenting spray drift. In addition, Planas et al. (2013) also found beneficial 
 
103 effects for hollow cone DRN in comparison to STN by means of droplet sizing, wind 
 
104 tunnel and spray drift field in an intensive peach orchard. More recently, Douzals and 
 
105 Chalendard  (2015) studied, in a wind tunnel, the behavior of horizontally orientated cone 
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106 nozzles, finding a relevant relationship between the spray distribution and the droplet size 
 
107 spectrum. 
 
108 On the other hand, van de Zande et al. (2012), proposed a nozzle classification system for 
 
109 spray  drift  reduction  in  orchard  spraying,  including  hollow  cone  DRN,  which  was 
 
110 validated through field spray drift measurements in apple orchards. 
 
111 Citrus is one of the most important crops in the world with a yearly production of 131 
 
112 million tones (FAO, 2012) and citrus groves cover around 8 M ha worldwide (FAO, 2013). 
 
113 Compared to other tree crops, citrus orchards depict a different scenario because of their 
 
114 perennial condition, tree architecture, leafiness and canopy penetrability (Planas et al., 
 
115 1998); despite this, there are few papers related to spray drift in citrus orchards. 
 
116 One of these studies was carried out by Meli et al. (2003) and found high levels of 
 
117 sedimenting spray drift when spraying citrus with an air assisted sprayer fitted with HC- 
 
118 STN at a distance of 7.5 m from the orchard edge. Garcerá et al. (2012) found that 
 
119 sedimenting spray drift, quantified according to the ISO 22866:2005 standard, sprayed 
 
120 with an axial fan airblast sprayer fitted with full cone STN and up to 45 m away from a 
 
121 citrus orchard edge, fit better the general drift model developed in Germany (Ganzelmeier 
 
122 et al., 1995; Rautmann et al., 2001) and fit worse the model from Meli et al. (2003). In a 
 
123 different study, Dolera et al. (2012) compared the performance of hollow cone DRN and 
 
124 flat fan DRN with full cone STN for the control of the two-spotted spider mite Tetranychus 
 
125 urticae (Koch) in citrus and concluded that DRN nozzles decreased the sedimenting spray 
 
126 drift inside the orchard without decreasing the biological efficacy. 
 
127 Due to the fact that there are very few studies in citrus about the effect of DRN on spray 
 
128 drift, the present work focused on the evaluation of spray DP by means of wind tunnel 
 
129 assessment, and field spray drift for hollow cone STN and full cone STN (currently used 
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130 for  citrus  orchards  to  control  pests  and  diseases)  and  hollow  cone  (Venturi)  DRN. 
 
131 Furthermore, the relationship between both methods has been analyzed. 
 
132 A second part of this project, devoted to evaluate the effect of DRN versus hollow cone 
 
133 STN and full cone STN in the control efficacy of California red scale (CRS), Aonidiella 
 
134 aurantii (Maskell), when applying Reldan® E (Dow AgroSciences Ibérica S.A., Madrid, 
 
135 
 
136 
Spain) is presented in a second manuscript (Garcerá et al., 2017). 
 
137 2. Materials and methods 
 
138 For the experiments two models of standard nozzles (STN), Albuz ATR 80 Grey (STN-A) 
 
139 (Solcera; Evreux, France) and TeeJet D3DC35 Brown (STN-T) (Spraying Systems Co. 
 
140 Wheaton, IL, USA), and one model of drift reduction nozzle (DRN), Albuz TVI 8003 Blue 
 
141 (Solcera; Evreux, France) were selected. This DRN is classified as 90% reduction class at 
 
142 
 
143 
0.7 MPa in the Dutch classification (van de Zande et al., 2008). 
 
144 2.1. drift potential in wind tunnel 
 
145 Spray DP of the nozzles was measured in a wind tunnel (2.0 m wide, 1.0 m high and 7.0 m 
 
146 operating length). All the wind tunnel specifications and sensors fulfilled the requirements 
 
147 of the ISO 22856:2008 standard (Fig. 1). 
 
148 Nozzles were tested at a pressure of 1.0 MPa. A mixture of a water-soluble fluorescent 
 
149 
 
150 
tracer,  sulphoflavine  brilliant  yellow  (CI  56205)  (BSF)  (Biovalley,  Marne  La  Vallee, 
France), at a concentration of 0.3 g L-1, was sprayed at a temperature of 20±1 ºC. 
151 
 
152 
Spray drift deposits were measured by collecting downwind droplets when a laminar air 
flow was blown at a constant velocity of 2.0±0.1 m s-1 at a temperature of 20±1 ºC and a 
153 relative humidity of 70-80%. Each nozzle was tested individually, at a static position in the 
 
154 wind tunnel (Fig. 1) and exposed to the air stream for 30 s. Three repetitions for each type 
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155 of nozzle were carried out. Each repetition was performed with a different individual 
 
156 nozzle, so three different individual nozzles were tested for each type of nozzle. 
 
157 Because of the their high droplet collection efficiency, 6 nylon lines with 2 mm of diameter 
 
158 were placed as passive sampling collectors in six collecting lines in a horizontal array (2.0, 
 
159 3.0, 4.0, 5.0, 6.0 and 7.0 m length) and five collecting lines in a vertical array (0.5, 0.4, 0.3, 
 
160 0.2 and 0.1  m  height)  to  determine  the vertical  profile of the  airborne spray,  2.0 m 
 
161 
 
 
 
 
 
 
 
 
 
 
162 
163 
164 
165 
166 
167 
downwind from the nozzle position (Fig. 1). 
 
 
 
Fig. 1. Wind tunnel measuring setup with the temperature and relative humidity sensors, the anemometer, the 
spray nozzle and the different collecting lines (potential airborne: V1-V5, and potential sedimenting spray 
drift: H1-H6). 
 
After each application, collectors were left to dry for 5 minutes, and then they were 
 
168 introduced into individual zip bags and kept in a black container to maintain the collectors 
 
169 in fresh and dark conditions. Once in the laboratory, the tracer was extracted with a known 
 
170 volume  of  deionized  water,  Mili-Q®  quality  ("Type  II"  water  according  to  ISO 
 
171 3696:1996). Tracer  concentration in  wash-off water  was measured with a fluorimeter 
 
172 
 
173 
(mod. LS-30, Perkin Elmer, Massachusetts), previously calibrated to get the reading BSF 
concentration curve. The quantification limit for the dye tracer was 2 µg L-1. 
174 The spray deposit at each distance (Hi) in the ground and at each height (Vi) in the air was 
 
175 deducted from the measurements of the fluorescence of the wash-off water and the average 
 
176 value of the samples extracted from the tank and expressed as the total amount of spray 
https://doi.org/10.1016/j.cropro.2017.02.001 
X. Torrent, C. Garcerá,  E. Moltó, P. Chueca, R. Abad, C. Grafulla, C. Román, S. Planas. Comparison between standard and drift reducing nozzles for pesticide application in 
citrus: Part I. Effects on wind tunnel and field spray drift. Crop Prot., 96 (2017), pp. 130-143  
 
 
 
177 
 
178 
deposited in each collector (μL). Afterwards, taking into account the projected area of each 
collector, the deposit per surface unit was calculated (μL cm-2) which was finally expressed 
179 
 
180 
as percentage of the volume applied in the same area unit. 
 
181 
 
182 
2.2. drift at field conditions 
 
Field experiments were carried out from November 6th to December 12th 2013 to estimate 
 
183 spray drift generated by STN and DRN fitted to conventional axial fan airblast sprayers. 
 
184 Experiments were set up according to the ISO 22866:2005 standard and Good Agricultural 
 
185 Practices  for  citrus  crops.  Experiments  were  placed  in  two  commercial  Clementine 
 
186 
 
187 
 
188 
orchards, cv. Clemenules (Citrus clementina Hort. ex Tan.): Roquetes (Tarragona, Spain) 
(40o 47’ 00’ N, 0o 27’ 52’’ E, 69 m altitude) (Trial 1-Roquetes) and Montserrat (Valencia, 
Spain) (39o 22’ 00” N, 0o 35’ 17” W) (Trial 2-Montserrat). 
 
189 Applications were performed as usual for insecticide treatments against CRS in citrus. The 
 
190 characteristics   of   the   orchards   and   operating   equipment   are   shown   in   Table   1. 
https://doi.org/10.1016/j.cropro.2017.02.001 
X. Torrent, C. Garcerá,  E. Moltó, P. Chueca, R. Abad, C. Grafulla, C. Román, S. Planas. Comparison between standard and drift reducing nozzles for pesticide application in 
citrus: Part I. Effects on wind tunnel and field spray drift. Crop Prot., 96 (2017), pp. 130-143  
 
 
 
191 Table 1. Characteristics of the orchards, sprayers and nozzles. 
 
Trial 1- 
Roquetes Trial 2-Montserrat 
 
 
Orchard 
Area (ha) 
Rows direction 
Tree spacing (m x m) 
(between rows x between 
trees) 
6.67 
E-W (18º a) 
6.00 x 4.00 
0.27 
N-S (32º b) 
5.00 x 3.50 
 
 
Canopy 
Height, h (m) 2.85 2.75 
Width along row (m) 2.80 2.90 
Width crossing row (m) 2.50 3.70 
Volume (ellipsoid) (m3) 10.40 14.60 
Volume occupied (%)c 15.20 30.30 
 
Sprayer 
Model 
Operating nozzles 
(number) 
Máñez y Lozano 
Twister 2000 
20 d 
Fede 
Futur 1500 
16 e 
 
 
 
 
Nozzles 
Type 
Cone 
Nominal flow at 10 bar 
(l min-1) 
Output angle 
Albuz 
ATR  80  Albuz TVI 
Grey 8003 Blue 
Hollow Hollow 
2.08 2.19 
80 80 
TeeJet Albuz 
D3DC35 TVI 
Brown 8003 
Blue 
Full Hollow 
2.00 2.19 
48 80 
192 
193 
194 
195 
196 
197 
198 
 
199 
a CCW = Counterclockwise; 
b CW = Clockwise 
c Volume of the canopy (ellipsoid) related to the orthogonal volume (tree spacing x tree height) 
d  Ten nozzles on each side of the manifold. 
e Eight nozzles operating on each side of the manifold. 
 
The operating conditions on each trial, shown in Table 2, were chosen to deliver a spraying 
volume rate of 2500 L ha-1 approximately. Before testing, the sprayers were calibrated. The 
200 nozzles setting-up was decided in order to fit the spray to the canopies, however for Trial 
 
201 1-Roquetes the nozzle holders were not adjustable and all the operating nozzles were 
 
202 spraying in radial direction. 
 
203   Table 2. Operating conditions for the spray applications.   
 
Trial Nozzle 
Work 
pressure 
Forward 
speed 
Liquid volume rate  Fan air 
flow rate 
Air 
expansion 
(MPa) (km h-1) L ha
-1 L tree-1 L m-3 (m3 h-1) coefficient, 
k (1) 
1-Roquetes 
 
2-Montserrat 
STN-A 1.5 1.00 2456 5.89 0,57 
29700 0.57 
 
69700 0.31 
204 
205 
 
 
(1) *k = w · h · s · 103 · V-1; where w: tree spacing between rows (m); h: trees height (m); s: forward speed 
(km h-1); V: fan air flow rate (m3 h-1) 
DRN 1.3 1.00 2388 5.73 0.55 
STN-T 1.0 1.58 2550 4.46 0.31 
DRN 1.0 1.58 2713 4.75 0.33 
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206 Applications consisted of spraying the downwind ending rows and measuring spray drift in 
 
207 the bare downwind area next to the orchard.  The ISO 22866:2005 standard state the 
 
208 acceptable wind conditions for testing (the mean wind direction shall be at 90°±30° to the 
 
209 
 
210 
spray track and no more than 30 % of results shall be > 45° from the perpendicular of the 
spray track).   At first, a wind direction range around ±30o  was expected. In this way, a 
211 sprayed length of 46.20 m was enough, for this reason a sprayed length of 50 m was 
 
212 considered in trials, starting at the edge row and continuing by spraying the adjacent rows. 
 
213 In total, four rows were sprayed in order to reach a minimum width of 20 m of sprayed 
 
214 area and fulfill the requirements of the ISO 22866:2005 standard (paragraph 3.2). There 
 
215 were five replicates for each evaluated nozzle. 
 
216 Each measurement included airborne and sedimenting deposition spray drift. 
 
217 Measurements were carried out as shown in Fig. 2. Distances were measured from the 
 
218 directly sprayed area, considering as such the center of the outer swath of application to the 
 
219 center of any collector surface. 
 
220 Airborne spray drift was measured by means of the same nylon string collectors used for 
 
221 the wind tunnel tests (6.0 m long). These collectors were placed in pairs in two poles 
 
222 placed  at  5  and  10  m  distance  from  the  directly sprayed  area,  respectively.  At  each 
 
223 distance, 2 parallel collectors were placed 2 m apart. After the application, the strings were 
 
224 cut into sections of 1.0 m length 
 
225 
 
226 
Sedimenting spray drift was measured by means of 51.5 x 6.5 cm horizontal blotting paper 
collectors (73 g m-2  filters. ANOIA S.A., Barcelona, Spain) located at ground level as 
227 indicated in Fig. 2. 
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228 
229 
 
230 
 
 
Fig. 2. Trial sketch: Location of collectors, sprayer path. 
 
BSF tracer at 1 g L-1 was added to the water tank to measure spray deposition. To know the 
 
231 actual concentration of the tank liquid for each application, two samples were taken from a 
 
232 nozzle of the sprayer. The amount of tracer deposited on the collectors was measured 
 
233 following  a  similar  methodology  described  in  wind  tunnel  tests  and  calculated  as  is 
 
234 indicated in ISO 22866:2005 standard (Annex C). 
 
235 Weather conditions were recorded during each application at a frequency of 1 Hz, air 
 
236 temperature at 2 m and 4 m above the average height of the tree canopies, that is, 5 and 7 
 
237 m high, and relative humidity, wind speed and wind direction at 7 m high. Wind direction 
 
238 was set to 0º when the wind came perpendicular to the rows, towards the spray drift 
 
239 
 
240 
measurement zone (Fig. 2). 
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2.3. 2
.3. Data analysis 
 
242 2.3.1. 1. Spray drift statistical analysis 
 
243 The effect of the nozzle on the airborne and sedimenting deposits for each distance or 
 
244 height in wind tunnel and field trials were studied by means of one way analysis of 
 
245 variance (ANOVA) with Fisher's Least Significant Difference LSD test (Fisher, 1935). 
 
246 Previously,  the  normality  and  homogeneity of  variance  of  the  studied  variables  were 
 
247 verified by the Shapiro-Wilk test (Shapiro and Wilk, 1965) and Levene’s test (Levene, 
 
248 1960), respectively.  In all tests a confidence level of 95% was considered. Statistical 
 
249 analyses were done using JMP® Pro 11 (SAS Institute Inc., Cary, NC, 1989-2007 for 
 
250 
 
251 
Windows). 
 
252 2.3.2. 2. Spray drift potential and spray drift potential reduction 
 
253 For the wind tunnel, DP was calculated as a global collecting recovery according to ISO 
 
254 
 
 
 
255 
 
 
 
256 
22856:2008 standard (Annex E) by the following expressions:  
 
 
 
(Eq. 1) 
 
 
 
(Eq. 2) 
 
257 Where DPV  represents the total airborne DP; DPH, the total sedimenting DP; VT(i), the 
 
258 airborne DP at the vertical collector line i (%) and HT(j) the sedimenting DP at the collector 
 
259 
 
 
260 
line j (%), according to the following expressions:  
 
 
 
(Eq. 3) 
https://doi.org/10.1016/j.cropro.2017.02.001 
X. Torrent, C. Garcerá,  E. Moltó, P. Chueca, R. Abad, C. Grafulla, C. Román, S. Planas. Comparison between standard and drift reducing nozzles for pesticide application in 
citrus: Part I. Effects on wind tunnel and field spray drift. Crop Prot., 96 (2017), pp. 130-143  
 
 
 
 
 
 
 
261 
 
262 
 
263 
(Eq. 4) 
 
Where vD is the sample dilution volume (L); F, collector fluorimeter lecture (µg BSF L-1); 
CD, BSF concentration (g BSF L-1); v(i/j), deposit volume to the collector line i or j (L); dC, 
 
264 
 
265 
distance  between  collectors  (0.1  m  for  vertical  collectors  and  1.0  m  for  horizontal 
collectors); DC, collector diameter (0.002 m); qN, nozzle flow rate (L min-1); tS, spraying 
266 time (s); 
 
267 For the field, only the replicates fulfilling ISO 22866:2005 standard (paragraph 5) for wind 
 
268 conditions have been considered for DP and drift potential reduction (DPR) calculation. 
 
269 Spray drift deposition and percentage were calculated accordingly the ISO 22866:2005 
 
270 standard  (Annex  C)  and  the  collecting  recovery  (CR)  according  to  the  following 
 
271 
 
 
 
272 
 
 
 
273 
expressions:  
 
 
 
(Eq. 5) 
 
 
 
(Eq. 6) 
 
274 Where CRV  represents the total airborne drift recovery; CRH, the total sedimenting drift 
 
275 recovery; VF(i), the airborne drift at the vertical section of the collector line i (%)  according 
 
276 
 
 
277 
to the following expressions:  
 
 
 
(Eq. 7) 
 
278 
 
279 
Where v(i),  represents spray drift deposit to the section of the collector line i (L); DC, 
collector diameter (m); SV, sprayed volume rate (L ha-1); A, sprayed area (ha); LR, sprayed 
280 row length (m). 
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281 In Eq. 6, HF(j)  represents the sedimenting drift at the collector placed at the downwind 
 
282 
 
 
 
 
283 
distance j  (%)according to the following expression:  
 
 
 
 
(Eq. 8) 
 
284 Where v(j),  represents spray drift deposit to the collector j (L); dC(j), distance representing 
 
285 
 
286 
each collector (1.0, 1.75, 2.50, 2.50, 2.50, 2.50, 2.50, 2.50, 3.75, 5.00, 5.00, 5.00 and 5.00 
 
m); WC, collector width (m); Lc, collector length (m); Sv, sprayed volume rate (L ha-1); A, 
 
287 sprayed area (ha); LR, sprayed row length (m). 
 
288 The DPR (%) was calculated by the following expressions: 
 
289 
 
290 
 
291 
For the tunnel,  
 
 
(Eq. 9) 
 
(Eq. 10) 
 
292 Where DPRV is the airborne DPR; DPV(DRN) and DPV(STN) are DPV measured for DRN and 
 
293 STN, respectively; DPRH, the sedimenting DPR; DPH(DRN) and DPH(STN) are DPH measured 
 
294 for DRN and STN, respectively. 
 
295 
 
296 
 
297 
For the field,  
 
 
(Eq. 11) 
 
(Eq. 12) 
 
298 Where CRV(DRN) and CRV(STN) are CRV measured for DRN and STN, respectively; CRH(DRN) 
 
299 
 
300 
and CRH(STN) are CRH measured for DRN and STN, respectively. 
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301 2.3.3. 3. Sedimenting regression functions 
 
302 Only the replicates fulfilling ISO 22866:2005 standard (paragraph 5) for wind conditions 
 
303 
 
304 
have been considered for this purpose. A double exponential regression of the sedimenting 
values was calculated for field trials for the 50th percentile of each nozzle at each distance 
305 following the methodology of Holterman et al. (2016b). All equations are represented in 
 
306 
 
307 
log scale for horizontal axis, allowing easy comparisons between them. 
 
308 3. Results and discussion 
 
309 3.1. drift potential in wind tunnel 
 
310 The global recovery fractions in relation to the sprayed volume were 2.50% for STN-A 
 
311 airborne deposits, 1.24% for STN-T airborne deposits, 0.57% for DRN airborne deposits, 
 
312 16.53% for STN-A sedimenting deposits, 9.39% for STN-T sedimenting deposits, 6.87% 
 
313 for DRN sedimenting deposits. 
 
314 For all the tested nozzles, the highest collecting position received the lowest airborne 
 
315 deposits (Fig. 3) at 2 m distance from the nozzle. Significant differences were obtained at 
 
316 all heights between STN-A and DRN. STN-A and STN-T differences will be examined 
 
317 through DP values. 
 
318 Moreover, the lower variability of  DRN  airborne deposits in comparison to the STN 
 
319 nozzles  is  remarkable.  Largest  droplets  from  DRN  seemed  to  behave  in  a  more 
 
320 reproducible way, because they tend to follow a ballistic trajectory and are less affected by 
 
321 air currents than small droplets from STN that are prone to have a random behavior. 
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324 
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326 
 
 
 
Fig. 3. Comparison of the airborne deposit (% of spray volume) (mean±SE) for the three tested nozzles at 2 
m from the nozzle in a wind tunnel. Different letters indicate significant differences between each STN and 
DRN at each height (LSD test, P < 0.05). 
 
327 For the sedimenting deposits (Fig. 4), values decreased with the distance from the nozzle. 
 
328 Significant differences were found between STN-A and STN-T in relation to DRN at all 
 
329 distances (2.0-7.0 m) except to 5 m. 
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335 
 
 
Fig. 4. Comparison of the sedimenting deposit (% of spray volume) (mean±SE) for the three tested nozzles at 
2 m from the nozzle in a wind tunnel. Different letters indicate significant differences between each STN and 
DRN at each distance (LSD test, P < 0.05). 
 
336 3.2. drift at field conditions 
 
337 Weather  parameters  recorded  during  trials  are  shown  in  Appendix  A.  The  replicates 
 
338 fulfilling ISO 22866:2005 standard (paragraph 5) for wind conditions were for Trial 1- 
 
339 Roquetes, STN-A 1,2,3,4,5 and DRN 2,3,4,5 and for Trial 2-Montserrat STN-T 2,5 and 
 
340 DRN  1,3,5.  Results  of  each  individual  replicate  for  airborne  and  sedimenting  spray 
 
341 deposits are represented in Appendix B and means for each test in Figs. 5-8. 
 
342 The total collecting recoveries on the vertical array of collectors in Trial 1-Roquetes were: 
 
343 24.12% for the STN-A and 8.73% for the DRN at 5 m, 15.78% for the STN-A and 4.60% 
 
344 for the DRN at 10 m. In Trial 2-Montserrat these were 12.61% for the STN-T and 6.41% 
 
345 for the DRN at 5 m, 8.02% for the STN-T and 3.14% for the DRN at 10 m. On the 
 
346 horizontal collectors the total collecting recoveries were 12.66% for the STN-A and 7.63% 
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347 for the DRN in Trial 1-Roquetes and  8.04% for the STN-T and 5.18% for the DRN in 
 
348 Trial 2-Montserrat. 
 
349 In both trials, when spraying with DRN, airborne spray drift values were significantly 
 
350 lower than STN values at 5 m (Figs. 5-6) from the sprayed area and at every measured 
 
351 height. In Trial 1-Roquetes mean airborne deposit at 10 m of STN were almost five times 
 
352 higher than mean drift values of DRN, but they were not significantly different at any 
 
353 height when a confidence level of 95% was considered, maybe due to the high variability 
 
354 of the results (Fig. 5). This variability could be explained for changes in wind angle which 
 
355 can cause that the spray drift comes from further away distances. Nevertheless, there are 
 
356 significant differences if the confidence level is decreased (80%). Whereas in Trial 2- 
 
357 Montserrat airborne deposits at 10 m were significantly different at every measured height 
 
358 (Fig. 6). 
 
359 In both trials, the variability of STN was higher than the DRN at both distances, probably 
 
360 because the smaller spray droplets of STN have a random behavior and are highly affected 
 
361 by wind (Figs. 5-6). This was also observed in the wind tunnel test (Fig. 3). 
 
362 On the other hand, for both STN and DRN, airborne spray drift from Trial 1-Roquetes 
 
363 decreased with height, mainly at the 5 m distance pole (directed spray flow rate dominated 
 
364 over airborne drift) (Fig. 5) but not for Trial 2-Montserrat (Fig. 6). This fact could be 
 
365 explained because of the lower volume occupied by canopies and the higher air expansion 
 
366 coefficient in Trial 1- Roquetes (Table 1). Whereas, for Trial 2-Montserrat it seems that 
 
367 more airborne spray drift was running on top of the trees because of the canopies shade 
 
368 effect and the lower air expansion coefficient. 
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Fig. 5 Airborne deposit (% of sprayed volume) (mean±SE) at 5 m and 10 m for the Trial 1-Roquetes STN-A 
and DRN nozzles. Different letters indicate significant differences between nozzles at each height (LSD test, 
P <0.05). 
 
 
 
 
Fig. 6. Airborne deposit (% of sprayed volume) (mean±SE) at 5 m and 10 m for the Trial 2-Montserrat STN- 
T and DRN nozzles. Different letters indicate significant differences between nozzles at each height (LSD 
test, P<0.05). 
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380 As expected, in both trials, sedimenting spray drift decreased with the distance from the 
 
381 orchard edge. This reduction started at the shortest evaluated distance and the effect was 
 
382 stronger for the DRN. From 20.0 m from the orchard edge to the last collecting distance, 
 
383 the sedimentation remained quite constant for the DRN in both trials. In the case of STN, 
 
384 this happened at 30 m from the orchard edge (Figs. 7-8). 
 
385 Moreover, in both trials, at the initial measurement distance (1.5 m), sedimenting spray 
 
386 drift values were higher for DRN at a non-significant level. At the initial distances the 
 
387 sedimenting deposits could be due to the direct spraying and not only to drift dragged by 
 
388 the wind. This effect could be more important for DRN as coarse drops have a ballistic 
 
389 behaviour (Heijne et al., 2002). 
 
390 Beyond this initial point, at each distance, spray drift values were higher for STN. Spray 
 
391 drift reduction effect of DRN was significant from 7.5 to 20.0 in Trial 1-Roquetes (Fig. 7) 
 
392 and from 10.0 m to 20.0 m in Trial 2-Montserrat (Fig. 8). 
 
393 Finally,  at the  end of the section  (25.0-40.0 m) sedimentation spray drift differences 
 
394 between DRN and both STN were not significant with the exception of the last point of 
 
395 measurement (40.0 m) in Trial 2-Montserrat when the absolute spray drift values were 
 
396 close to zero (Fig. 8). These figures could be considered to discriminate STN from DRN 
 
397 for buffer zone dimensioning. So, if the width of the buffer zones is defined as the distance 
 
398 to come a 5% spray drift deposition level, in this case it would be at 25 m for both STN, 
 
399 17.5 m for DRN in Trial 1-Roquetes and 20.0 for DRN in Trial 2-Montserrat. However, 
 
400 there are other factors that have to be into account such as product toxicity. 
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Fig. 7. Sedimenting deposit (% of sprayed volume) (mean±SE) for the Trial 1-Roquetes STN-A and DRN 
nozzles. Different letters indicate significant differences between nozzles at each distance (LSD test, P<0.05). 
 
 
Fig. 8. Sedimenting deposit (% of sprayed volume) (mean±SE) for the Trial 2-Montserrat STN-T and DRN 
nozzles. Different letters indicate significant differences between nozzles at each distance (LSD test, P<0.05). 
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409 3.3. DP 
 
410 DP values for STN were always higher than for DRN in wind tunnel assessment method 
 
411 (Table 3) at a significant level for airborne deposits and sedimenting deposits. This rule 
 
412 can be consistently translated to the field trials, because STN obtained also higher CR 
 
413 values  in  both  trials,  but  not  at  significance  level  (Table  3).  Nevertheless,  there  are 
 
414 significant differences if the confidence level is decreased (80%). This fact was due to the 
 
415 differences on depositions between replications because of the wind disturbances. This is 
 
416 an important constraint for the implementation of the ISO 22866:2005 standard, where 
 
417 trials are developed on not controlled conditions. In spite of this, results from the wind 
 
418 tunnel and the field trials follow the same trend. 
 
419 For  the  tunnel,  differences  between  DPV   and  DPH   can  be  justified  by  the  droplet 
 
420 trajectories   when  approaching  to  the  collecting  strings   (straight   initial   trajectory, 
 
421 contouring strings for vertical and parabolic for horizontal). For the field, differences 
 
422 between CRV and CRH  can be justified by the droplet evaporation, more evident for the 
 
423 smaller spectrum of STN. 
 
424 
425 
426 
Table 3. Spray drift risk assessment. DP mean values (%) for the wind tunnel and CR (%) for the field trials. 
Different letters indicate significant differences between STN and their respective DRN in each scenario 
(LSD test, P<0.05). 
Nozzle Wind tunnel Field trials 
DPV DPH Trial CRV at 5m CRV at 10m CRH 
STN-A 2.50 (a) 16.53 (a) 1 24.12 (a) 15.78 (a) 12.66 (a) 
STN-T 1.24 (a) 9.39 (a) 2 12.61 (a) 8.02 (a) 8.04 (a) 
 
DRN 
 
0.57 (b) 
 
6.87 (b) 1 
2 
8.73 (a) 
6.41 (a) 
4.60 (a) 
3.14 (a) 
7.63 (a) 
5.18 (a) 
427 
 
428 3.4. DPR 
 
429 DPR values from wind tunnel tests and from field trials were in accordance (Table 4). 
 
430 Again, results from field tests follow a similar trend to the wind tunnel results as Nuyttens 
 
431 et al. (2008) stated for several flat-fan nozzles. In all cases, DPR was higher when DRN 
https://doi.org/10.1016/j.cropro.2017.02.001 
X. Torrent, C. Garcerá,  E. Moltó, P. Chueca, R. Abad, C. Grafulla, C. Román, S. Planas. Comparison between standard and drift reducing nozzles for pesticide application in 
citrus: Part I. Effects on wind tunnel and field spray drift. Crop Prot., 96 (2017), pp. 130-143  
 
 
 
432 was compared to STN-A rather than to STN-T; this is a direct consequence of the higher 
 
433 DP values shown by STN-A in wind tunnel and field trials. 
 
434 
435 
Table 4. DPR mean values (%) of the DRN in relation to STN-A and STN-T for the two different spray drift 
risk assessment methods. 
436    
 
 
Nozzle 
Wind tunnel Field trials 
 
DPRV DPRH DPRV at 5m DPRV at 10m DPRH 
 
 
DRNSTN-A 77.06 58.46 63.82 70.84 39.75 
437 
DRNSTN-T 53.91 26.90 49.15 60.91 35.59 
438 For both drift assessment methods, DRN was more able to reduce airborne spray drift than 
439 sedimenting  spray  drift  (Table  4).  This  consideration  could  be  interesting  when 
440 determining buffer zones if prevention of human risk is the main objective. 
441 A general comparison between trials should not be carried out because, as mentioned, 
442 several factors may affect spray drift, such as the fan air flow rate, sprayer design, orchard 
443 
444 
structure, canopies architecture, penetrability and sprayer forward speed. 
445 3.5. Sedimenting regression functions 
446 The double exponential function (50th percentile) of the sedimenting spray drift of Trial 1- 
447 Roquetes and Trial 2-Montserrat are shown in Fig. 9. The parameters of the different 
448 double  exponential  regression  equations  with  their  corresponding  standard  errors  are 
449 indicated in Table 5. 
450 If comparing each STN curve to the respective DRN curve, the spray drift reduction effect 
451 was more evident in Trial 1-Roquetes as was for the DPR results. According to the CRH 
452 results, curves for STN-A (Trial 1-Roquetes) and STN-T (Trial 2-Montserrat) were clearly 
453 distinct, being nearly parallel at distances between 1.5-10.0 m, but close to 10.0 m these 
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454 curves start to converge. Therefore, this model could be appropriate for different scenarios 
 
455 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
456 
457 
458 
459 
460 
461 
 
where spray drift risk must be mitigated. 
 
 
Fig. 9. Double exponential function by means of 50th percentile sedimenting drift values. 
 
Table 5. Parameters of the double exponential function equation for 50th  percentile values for the nozzles 
tested. The general function equation is: y= a·exp(-b·xc) (SE). 
 
 
Trial a b c 
1-Roquetes STN-A 28.094 
(0.924) 
1-Roquetes DRN 63.884 
(10.931) 
2-Montserrat STN-T 44.234 
(22.132) 
2-Montserrat DRN 37.253 
(8.641) 
-0.111 
(0.018) 
-0.594 
(0.143) 
-0.788 
(0.444) 
-0.599 
(0.194) 
0.981 
(0.053) 
0.675 
(0.082) 
0.425 
(0.136) 
0.632 
(0.105) 
 
 
462 
 
463 4. Conclusions 
 
464 The results achieved by the two methodologies (wind tunnel test and field trials) were in 
 
465 agreement and confirmed the spray drift reduction ability of the DRN in relation to the 
 
466 STN-A and STN-T for both airborne and sedimenting spray drift up to 20.0 m from the 
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467 citrus orchard edge. Consequently, this type of DRN can be recommended as a DRT for 
 
468 chemical treatments with axial fan sprayers, normally used in citrus crops. 
 
469 Specifically, spray drift reduction for DRN was higher when considering airborne than 
 
470 when considering sedimenting spray drift. Moreover, airborne spray drift variability for 
 
471 both  methodologies  was  reduced  when  DRN  were used,  confirming  its  greater  spray 
 
472 robustness.  These  facts  are  relevant  if  human  and  environmental  risks  are  mainly 
 
473 considered. 
 
474 Nevertheless, beyond nozzle type, other factors determining spray drift, such as orchard 
 
475 architecture   and   sprayer   characteristics   and   settings,   should   also   be   taken   into 
 
476 consideration in order to minimize spray drift and fulfill the requirements of the Directive 
 
477 2009/128/CE,  Good  Agricultural  Practices  rules.  For  this  objective  a  drift  reduction 
 
478 classification system is needed to buffer zone determination. 
 
479 In this regard a remarkable effect of the canopies density and structure is realized on the 
 
480 airborne spray drift for height distribution. Gaps between the canopies and the ground led 
 
481 to increase the spray drift at the low heights. Additionally, the sprayer setting (nozzle 
 
482 holder orientation) can strongly influence sedimenting drift at short distances, allowing 
 
483 greater values for DRN than for STN because the ballistic effect on the larger droplets. 
 
484 Regarding  the  field  trial  methodology,  the  hard  required  resources  and  the  difficulty 
 
485 in having the appropriate  weather conditions,  recommend  stablishing  a  more  simplified 
 
486 testing procedure. Additionally, when testing nozzles used in tree orchards, the tunnel 
 
487 methodology should be adapted, i.e. placing the nozzle spraying with the orientation and 
 
488 sense of the air stream as suggested Douzals and Chalendard (2015). These conclusions 
 
489 lead to propose the revision of both drift assessment standards, ISO 22866:2005 and ISO 
 
490 22856:2008. 
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491 A second part of this project, evaluating the control efficacy of California red scale (CRS), 
 
492 Aonidiella aurantii (Maskell), when applying Reldan® E (Dow AgroSciences Ibérica S.A., 
 
493 
 
494 
Madrid, Spain) is presented in a second manuscript (Garcerá et al., 2017). 
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Appendix A – Meteorological conditions during trials 
 
Table A.1. Meteorological conditions on the spraying time at 7 m height. Mean values (SE). Replicates and 
values fulfilling ISO 22866:2005 standard (paragraph 5) are indicated in bold typeface. 
 
 
Trial and n 
 
 
 
 
 
 
 
 
 
 
1 – Roque 
STN-A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 – Roque 
DRN 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2- Montse 
STN-T 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2- Montserrat 
DRN 
12.73 
3 (0.01) 
37.58 
(0.05) 
3.14 
(0.04) 
18.63 
(1.87) 4.04 
 
 
 
 
670 
671 
 
 
4 16.00 (0.02) 
 
 
5 15.62 (0.02) 
 
30.89 
(0.03) 
 
39.30 
(0.04) 
 
2.05 
(0.03) 
 
2.28 
(0.05) 
 
35.95 
(1.85) 29.90 
28.00 
(2.88) 19.35 
ozzle Replicate  T RH Wind speed Wind direction  Wind 
direction (°C) (%)  (m s-1)  (o)*
  measurements 
      (%) 
1 10.62 58.58 1.90 -25.54 1.08 (0.09) (0.07) (0.03) (0.71)  
2 10.43 56.24 1.00 -28.25 0.00 (0.05) (0.03) (0.01) (0.45)  
tes 7.31 64.35 1.77 -21.33 7.03 3 (0.03) (0.05) (0.02) (0.78)  
4 9.21 63.22 3.50 -10.07 0.61 (0.04) (0.04) (0.05) (0.81)  
5 7.84 64.26 2.69 -18.96 0.96 (0.03) (0.05) (0.04) (0.64)  
1 10.87 58.34 1.68 -31.95 21.88 (0.05) (0.06) (0.02) (0.76)  
2 8.40 60.56 1.75 -23.94 3.21 (0.11) (0.09) (0.03) (1.09)  
tes 
3 8.75 61.22 1.07 -26.91 0.00 (0.01) (0.07) (0.01) (0.52)  
4 9.12 63.04 2.44 -9.90 0.58 (0.03) (0.04) (0.03) (0.69)  
5 9.74 62.94 2.63 -9.29 1.32 (0.04) (0.04) (0.04) (0.92)  
1 27.62 39.91 3.68 52.25 70.15 (0.02) (0.04) (0.05) (1.60)  
2 18.44 52.73 1.56 8.77 2.90 (0.03) (0.13) (0.01) (1.89)  
rrat 15.90 28.88 2.88 -40.87 45.49 3 (0.01) (0.03) (0.04) (2.70)  
4 10.56 44.09 3.25 36.03 22.16 (0.02) (0.04) (0.04) (1.70)  
5 18.03 34.20 2.25 16.15 4.77 (0.01) (0.03) (0.02) (1.95)  
1 19.19 47.54 1.80 -2.90 
 
2.47 (0.00) (0.03) (0.02) (2.07)  
2 21.50 (0.02) 
39.13 
(0.06) 
2.60 
(0.05) 
-37.60 
(3.91) 28.01 
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Appendix B - Airborne and sedimenting field deposits 
 
 
 
Fig. B.1. Airborne deposit  of the 5 repetitions in Trial 1-Roquetes STN-A and DRN nozzles at 5 m (A) and 
10 m (B). 
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Fig. B2. Airborne deposit of the 5 repetitions in Trial 2-Montserrat STN-A and DRN nozzles at 5 m (A) and 
10 m (B). 
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Fig. B.3. Sedimenting deposit (% of sprayed volume) in Trial 1-Roquetes for STN-A and DRN nozzles. 
Fig. B.4. Sedimenting deposit (% of sprayed volume) in Trial 2-Montserrat for STN-T and DRN nozzles. 
